Molecular absorption bands are estimators of stellar activity and spot cycles on magnetically active stars. We have previously introduced a new color index that compare absorption strength of the titanium oxide (TiO) at 567 nm with nearby continuum. In this paper we implement this index to measure long-term activity variations and the statistical properties of the index in a sample of 302 solar-type stars from the HARPS planet search program. The results indicate a pattern of change in star's activity, covers a range of periods from 2 years up to 17 years.
INTRODUCTION
Solar-type stars are F8V − K2V main-sequences with B − V color index between 0.48 ≤ B − V ≤ 0.8. They covers more than 10 percent of nearby stars. Their spectral manifestation in visual region are full of spectral lines including molecular absorption bands. Molecular absorption is a fair indicator of cool regions like spots on the surface of active stars (Wallace et al. 2000) . They can be used as a proxy to stellar oscillations, granulation, magnetic activity, plage and activity cycles.
Activity in solar-type stars is relatively old subject in astrophysics which has been addressed by many authors (Wilson 1968 (Wilson , 1978 Saar et al. 1997; Santos et al. 2000; Diaz et al. 2007; Boisse et al. 2009; Cincunegui et al. 2007; Lovis et al. 2011; Gomes da Silva et al. 2011) . In late 60's Wilson (1968 Wilson ( , 1978 introduced an index, S, to measures the CaI I H&K lines emission. Diaz et al. (2007) have found NaI D1&D2 lines useful to investigate activity in atmosphere of late-type dwarf stars. He observed a series of F6 to M5.5 dwarfs and found that these two lines can be used as activity indicator in stars with high level of activity and exhibit the Balmer lines in emission. Gomes da Silva et al. (2011) have computed activity in a sample of late M stars using indicators which was defined based on variability in a series of absorption lines including CaI I, NaI and H α . They found significant level of correlation between CaI I and NaI absorption and confirm that NaI D1&D2 lines can be used as an activity indicator in stars with low level of activity. While Gomes da Silva et al. (2011) asserted that index manipulating HeI variability is a poor indicator of stellar activ-⋆ E-mail: f.azizi@pnu.ac.ir (F.A.) † E-mail: torabi@alzahra.ac.ir (M.T.M.)
ity, Saar et al. (1997) claimed, they have found correlation between HeI D3 and CaI I H&K variation. Solar-type spectra are also covered with molecular absorption. These are wide absorption bands which widely spread on the infra-red part of the spectrum. Berdyugina et al. (2000) showed that many molecular bands including Titanium Oxide (TiO) are indicators of solar magnetic fields concentrated in sunspots. This sensitivity can also be implemented as an indicator of stellar activity. Most of the previous investigations on molecular absorption bands was focused on near-infrared and longer wavelengths in coolest red giants and dwarf stars. Technical advancements in sensitivity and resolution of spectrographs make it possible to detect wide band absorption features made by temperature sensitive molecules like TiO in visual regions.
The near-infrared spectrum of cool late-type giant and dwarf stars are covered by wide and pervasive TiO absorption bands. TiO can survive in stellar atmosphere with surface temperature cooler than 4000 K. In hotter atmospheres TiO absorption can be used as a proxy to detect cool features like star spot. Long-term observation of TiO absorption in stellar spectrum can reveal stellar activity cycle. The idea that TiO bands could be used to measure spot's characteristics was first stated by Ramsey & Nations (1980) . They observed the active star V711 Tau (HR1099) near its photometric minimum and found TiO absorption in its spectrum. They claim that the TiO absorption observed in the photosphere of the K1 IV star must be produced in a cooler region like a spot. Further observations by Neff et al. (1995) ; ONeal et al. (1996) revealed TiO bands in spectra of other active stars and let them to estimate the spot's area and temperature. ONeal et al. (1998) have used absorption bands of titanium oxide to study dark and cool stellar spots on magnetically active stars.
As an indicator of TiO absorption in near-infrared, Wing (1992) introduced a photometric system consist of three filters, which measure the TiO (γ, 0, 0) R-branch band head at 719 nm. He used this system to determine nearinfrared magnitudes, near-infrared color index and spectral type of a sample of cool giant stars. He also recalibrate the color temperature relation of M type sub classes with his TiO-index. By careful investigation on the continuum band passes in Wings system in high resolution spectra of cool stars, Azizi & Mirtorabi (2015) have found that a small shift on continuum band passes (filters B and C) to shorter wavelengths will make the continuum less contaminated with weak absorption of VO bands and yields a better correlation between the index and surface temperature of the calibration stars 1 . Mirtorabi et al. (2003) used Wing photometric system to study the correlation between chromospheric activity and TiO absorption strength in the variable star λ Andromeda. They found an estimated activity cycle of about 4-14 years and an anti correlation between average TiO absorption (representing coverage of spots) and average visual brightness; similar to what is observed in the Sun. They also found that TiO molecules can survive even when the star is brightest, which means that part of the active regions might be distributed evenly on the surface of the star with no observable manifestation on the visual light curve.
We previously introduced a new color index (B-index) to measure the TiO absorption band strength centered at 567 nm (Bidaran, Mirtorabi & Azizi 2016) . In that paper we showed that there is a clear correlation between the Bindex and surface temperature of cool M giants where cooler atmospheres exhibits higher B-index. The index can be implemented as temperature indicator up to 4200 K where the TiO molecule breaks down and absorption bands disappear from the spectrum. Solar-type stars are too hot to have TiO molecules in their atmosphere but like the Sun if stellar activity is in close connection with appearance of cool spots in surface of the star then an active solar type star can exhibit significant B-index in spite of its hot atmosphere. In this work we implement our visual B-index to search for stellar activity in a sample of solar-type stars. The sample has been observed by the High Accuracy Radial Velocity Planet search Spectrograph (HARPS) at European Southern Observatory (ESO). This sample was already searched for stellar activity identification based on CaI I H&K lines by Lovis et al. (2011) .
THE VISUAL ABSORPTION OF TITANIUM OXIDE
The B-index implements two narrow band filters. The first filter (D) is designed to measure TiO absorption band centered at 567 nm with full width at half-maximum (FWHM) of 16 nm. The depth of this absorption band
1 The Wing three color photometric system consists of three filters. Filter A (FWHM = 11 nm) at 719 nm appropriately set to measure the strongest absorption bands of T iO in near infrared. Filter B (FWHM = 11 nm) with central wavelength at 754 nm and filter C (FWHM = 42 nm) with central wavelength of 1024 nm both are located in continuum region. is compared with the nearby continuum with the second filter (E) at 610 nm with FWHM equal to 10 nm (Bidaran, Mirtorabi & Azizi 2016) . The continuum filter was appropriately chosen to be free from molecular absorption. The central wavelengths and bandpass at these filters are listed in Table 1 . By the way, the B-index is defined as
where F D (λ) and F E (λ) are the integrated spectral flux in wavelength λ and S D (λ) and S E (λ) are appropriate filter response function.
THE STARS SAMPLE
We used a sample of 302 stars in FGK spectral type from the HARPS high-precision planet search program (Mayor et al. 2003) . This sample was already used by Lovis et al. (2011) to study magnetic activity cycles and its correlation with HARPS precise radial velocities in solar-type stars by using CaI I H&K activity index. They implement a volume limited selection of stars closer than 56 pc, brighter than V = 9.5 mag and with a rotational velocity vsini ≤ 2 km.s −1 in the solar neighborhood. These stars are slowly rotating and non binary or multiple. Thus, this sample represents an old single, solar-type stars. All stars have been observed by the 3.6 m telescope at European Southern observatory in La Silla using the HARPS spectrograph (R≃115,000). The original sample used by Lovis had 304 stars, we discard two, because their spectra were noisy and very sparse in time.
The spectra are accessible from the ESO archives 2 . We now implement an extended sample with more data which were taken during 2011 to 2014 as part of the HARPS program extension. We use our B-index to determine any signs of activation periodicity in the time series. All of stars in our sample at least have 4 measurements and a total time span of observations covers at least 750 days. We divided the whole observation periods of each star to bins of 150 days then averaged all data points within each bin.
The fundamental stellar parameters (vsini, spectral type, T e f f , log g, and [Fe/H]) were derived by Sousa et al. (2008) using the same HARPS spectra that we used here. Absolute magnitudes and luminosities derived from the Hipparcos catalogue. Table 1 shows the mean and standard deviation of B-index for all stars, respectively. The coolest star in the sample has a effective temperature of 4600 K which according to Bidaran, Mirtorabi & Azizi (2016) calibration is associated with a photospheric B-index of less than 0.05. Figure 1 clearly shows that all of the stars in the sample exhibit high level of TiO absorption in the photospheres which are too hot too sustain TiO molecules. Mirtorabi et al. (2003) have associated this TiO excess to cool spots which could be assumed as a tracer of activity, similar to the sun. The distribution displays a large peak around 0.2 and a smaller one in the tail between 0.4 and 0.5. Most of the stars have B-index between 0.15 -0.3 with an average of 0.22. According to calibration this level of TiO is associated with cool regions with T ∼ 4000 K or ∼ 1200 K cooler than average effective temperature of the sample. This is another evidence to confirm this TiO is coming from stellar spots. At the tail of the distribution there is a smaller peak which represents a smaller sample of stars with relatively higher level of activity with spots as cool as 3800 K. The low level of the second peak with respect to the first one indicates that, as (Lovis et al. 2011 ) asserts, the sample mostly contains native solar-type stars with less active ones. The lower (red) distribution in the figure 1 shows a subsample of the stars which contain sub giants. Searching the SIMBAD we found 28 sub giants in the sample. The average value of B-index in subgiants are 0.23 which is higher than dwarf. This might be due to cooler atmosphere of these star which are more prone to sustain TiO molecules than dwarfs. plementing the same HARPS spectra that we used here. No evidence of correlation between mean B-index and [Fe/H] can be recognized from figure 2. This result is consistent with previous findings that TiO absorption strength is independent of metallicity (Wing & White 1978) . This is also in agreement with results of Lovis et al. (2011) . Figure 3 shows distribution of standard deviations (dispersion) of the B-index for 302 stars in the sample. Apart from large peak at 0.05 that might be produced by the observational noise, the distribution shows a smaller peak at about 0.3. Highly dispersed TiO absorption in long-term observation could be interpreted as periodic reappearance of cool, active regions in atmosphere of star. This small peak indicates that at least part of this sample might have experienced a period of stellar activity during last ten years. To clarify that B-index has capability to resemble stellar activity we plot B-index dispersion versus mean B-index. Figure 4 shows that stars with higher B-index show more index variations. Higher B-index in an indication of existence of active regions like spots which regularly occurs when star is active. These stars are prone to have activity cycles and must exhibit higher value for B-index dispersion. B-index variability could also caused by rotation of cool regions around the star which regularly resembles short period variation in B-index. We eliminate this type of variability by avoiding very low periods (less than two years).
Impact of metallicity on the mean B-index

B-Index dispersion and noise
METHOD AND ANALYSIS
Indices based on TiO absorption band have shown their potential to reveal active regions in surface of stars like λ Andromeda (Mirtorabi et al. 2003) . The large data set in hand, provides us a unique opportunity to check this capability in a more reliable and statistically approved way. Our main goal is to search for significant long-term periodicities in the sample stars, according to their TiOλ567 nm variation. 
Periodicities
We derived the periodicity on the basis of results from calculations of power spectra of the time series. The most commonly used method of calculating the spectrum of nonuniformly spaced data is periodogram analysis (Lomb 1976; Scargle 1982) . It is equivalent to least-squares fitting of sine and cosine waves, in form of y = a cos ωt + b sin ωt. The normalized periodogram analysis yields the best sinusoid that fits the unevenly sampled data, and the significance of the period is inferred from it's false alarm probability (FAP ) (Sturrock & Scargle 2010) . In order to search for activity cycles, we computed generalized Lomb-Scargle periodogram (GLS ) for each star. The GLS is an extension to the Lomb-Scargle periodogram which takes into account the measurement of errors and also is more suitable for time series with none zero average. GLS tries to fit the equation y = a cos ωt + b sin ωt + C to the time series and find the spectrum for frequencies (Zechmeister & Kurster 2009 ).
We consider a given periodogram peak, derived from GLS significant when it exceed the one present "false alarm probability" level (FAP ), which means there is 99% confidence that the peak is real and could not be simulated by Gaussian noise. FAP levels are calculated by performing random permutations of the data with similar times of observations. To confirm that the period represented by the peak is appropriate, we rechecked the period by fitting a rescaled sin wave with that period to the data. Figure 5 and 6 show the periodogram and fitted sin wave for the star HD78747. Both figures indicates a significant activity cycle at a period of 2371 days.
To reduce the risk of inclusion of rotational variables from the final sample of active stars, we select a lower limit for the calculated peaks in periodograms. Peaks with period less than 2 years were discarded and we focused here on activity cycles in the 2 -20 yr range. The 2 years time scale would be a relevant minimum for separating two variability regimes. It is more than 30 times larger than the rotational period of the sample and about five times smaller than activity period of the Sun. Main sequence stars with rotational periods higher than 2 years are rare and this minimum might appropriately disentangle any sign of rotational variability from final results. A time scale of 20 years was selected as an upper limit for activity because typical time span of observations were limited to ∼10 -11 years.
Using Mont Carlo simulation we calculate confidence intervals for each measured period. A Gaussian distribution was used to generate different noise realization for each individual data points, with the same standard deviation taken from computed short-term scatter. By recomputing of GLS periodograms a confidence interval was calculated from distribution of derived periods.
Result
The results of the B-index analysis for determination of activity cycle are given in table 1 for all stars in the sample. 156 stars show significant activity cycle. The sixth and seventh columns of table 1 tabulates the activity period and the cycle semi-amplitude calculated from B-index. For those stars that have shown cycles in both indices we have also added their R ′ H K period in the last column.
Activity cycles
Among 302 FGK stars, we find 156 stars with a detected cycle. There are 146 stars with no significant periodic variation. In the active subsample there are 153 stars with a cycle semi-amplitude larger than 0.01, where we assigned them as large-amplitude cycles. This is more than 51% of the sample. This is significantly greater than what Lovis et al. index used by Lovis and B-index was found. 61% of Lovis active stars were also active in our B-index results. Figure 7 shows the distributions of activity cycle periods. The histogram represents a maximum at 3000-4000 days and a smooth decrease for longer periods, unlike Lovis results that has steeper decrease. This might be due to that Lovis survey was not long enough to properly contain periods beyond ∼4000 days. About 47% of the stars in the sample show an activity period similar to the Sun. The distribution of activity cycle semi-amplitude is shown in figure 8. The sharp peak at ∼ 0.03 belongs to those stars with semi-amplitude smaller than 0.01. They are mostly cycles that are not strong enough to result in a period with high confidence level or may be due to inactive stars or stars with very long activity cycle with no significant variation in the observation time span. Figure 9 shows plot of activity cycle's semi-amplitude as a function of mean activity level (mean B-index). Although most of the stars with lower activity level (0.1 ≤ B-index ≥ 0.25) are concentrated in lower region with semiamplitude less than 0.05, a few with higher B-index display a trend to have larger amplitude. The trend is disperse and not obvious. These are stars with activity period as short as they can illustrate a complete period in the course of whole observation like HD78747 shown in figure 6. 
Periods and amplitudes
DISCUSSION AND CONCLUSION
The present survey has allowed us to measure activity cycles in a sample of solar-type stars by using molecular absorption bands. We are using a temperature sensitive index which measuring strength of an absorption band of the TiOλ567 nm as a proxy to the activity cycle. This molecule is normally appear in cool and active regions of star surface. In this work we have performed a similar study like Lovis et al. (2011) in a sample of old solar-type stars. The data sample was taken from high-precision spectrograph, HARPS, (Mayor et al. 2003) . It spans 10 -11 years of observation, compared to 7 -8 years of the Lovis et al. (2011) survey. The longer time span allowed us to detect cycles with periods up to ∼17 yr. Among all, 51.7 % of stars show a meaningful activity cycle. Since the B-index is high when the star is highly active. The lack of activity in some stars may be due to that they are in their quiet stage.
The distribution of activity cycle periods show a peak between 8-11 years, and smoothly decrease in both side of longer and shorter periods, compared to Lovis et al. (2011) who have calculated a sharper decrease towards longer periods. This sharp decrease may be due to insufficient number of stars with long observation time span to reveal a possible long-period cycles. Our results are roughly compatible with the results of Baliunas et al. (1995) (see their figure 3 ). In their studies a few of the stars are showing activity cycles with periods greater than 15 years. This confirms that our lower time duration than Baliunas et al. (1995) does not significantly affect the derived result for activity cycles.
No clear correlations between R ′ H K index used by Lovis and B-index was found. We have four stars (HD 15337; HD 20794; HD125881; HD215152) with quiet B-index and significantly variable R ′ H K . It seems hard to justify why two indices give different cycles. The sample of spectra we got from HARPS normally are sparse. The spectra are in groups of few tens taken in few days and groups are few months apart. Because few days are two short in our cycle investigation, we did average all the B-index inside a group. The error bars in the time series plots (figure 6) are calculated from relative dispersion of B-indices in a group. Appendix A shows that although the B-index varies significantly over the years which could be assumed as stellar activity but since averaged points are two sparse, a more continuous and evenly spread in time observation needed to find out whether these two indices are really correlated or not.
Apart from the lack of correlation between results from two indices, this work illustrates that molecular bands can also be used as a proxy to stellar activity and reveals the long period variation of stellar characteristics. Continued on next page Here we present typical periodogram and time series for those stars that exhibit significant activity cycle. Column one shows the periodogram. The red horizontal line in the periodogram plot represents FAP level. Column two shows the time series for that star which fitted with a sinusoidal curve with period that maximize the periodogram. Column three and four is the same as one and two. HD55
